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FractureAbstract In this study, the effects of crosshead speeds on solder strength of Cu/Sn–9Zn/Cu lap
joints were determined. The solder strength of lap joints increased with increasing crosshead speeds.
The highest solder strength value obtained was 130.41 MPa ± 4.85 at crosshead speed 3.0 mm/min
while the lowest was 106.11 MPa ± 5.20 at 0.5 mm/min. The corresponding strain value was inver-
sely proportional with increasing crosshead speeds. In every lap joint formed, a constant joint inter-
facial strength was determined. This particular value is important in determining the failure mode of
lap joints under different crosshead speeds. Failure occurred at the solder bulk region when the sol-
der strength obtained was below the joint interfacial strength. Meanwhile, the failure mode trans-
ited from the bulk region to the joint interface as soon as the solder strength was higher than the
joint interfacial strength. Fracture analyses were performed at the cross-sections of lap joints to sup-
port the statement.
ª 2013 Production and hosting by Elsevier B.V. on behalf of King Saud University.1. Introduction
The realization of hazardous repercussions from the usage of
lead (Pb) – based solders in electrical and electronic devices
toward the environment and human health, have led to a surge
in the research and development of Pb-free solders for the past
few decades (Lee and Mohamad, 2013; Suganuma, 2001; Yoon
et al., 2003; Zeng and Tu, 2002). Among the many Pb-freesolder systems (Zeng and Tu, 2002), it was clearly eminent that
eutectic Sn–9Zn solder is a highly promising alternative (Suga-
numa et al., 2000). One of the most vital advantages of Sn–9Zn
would be the melting point; at 198 C, it is almost equivalent to
the conventional Sn–Pb solders (McCormack et al., 1994).
Apart from its similar melting point and low cost beneﬁts
(Yu and Lin, 2005), Sn–9Zn is known to have excellent
mechanical properties which can be valuable to form solder
joints in the electronic packaging industries (Ahmido et al.,
2011).
Primarily, solder joints provide electrical conductivity and
suitable mechanical strength for devices to perform smoothly
during its operations (Ghosh et al., 1994). However, there
are concerns revolving the reliability issues of the solder joints;
particularly, solder strength of the joints. For this matter, the
solder strength appeared to be an important factor to be as-
sessed thoroughly. Therefore, solder strength in the form of
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joint orientation. From a study conducted by Shoji et al.
(2004), the shear strength of Sn–9Zn solder is higher than
the conventional Sn–Pb solder. Reliability issues of solder
joints are enormously vital in determining the lifespan of elec-
tronic devices (Fouzder et al., 2010).
Up until recently, substantial studies have been done that
most devices fail by stress loads that occur when the device
is dropped or mishandled (Amagai et al., 2003; Lal et al.,
2005; Lim and Low, 2002; Tee et al., 2004). Thus, stress load
rate evaluations are considered essential to ensure that solder
joints are capable to withstand different rates of stress loads
after manufacturing. Nevertheless, for laboratory-scale evalu-
ations, crosshead speeds of the universal testing machine can
replicate the effects of actual stress load rates. By manipulating
the crosshead speed values, different stress load rates can be
applied onto the solder joints. An example of the implementa-
tion of crosshead speed is in the works of (Mayappan et al.,
2007) where effects of crosshead speed were investigated on
the joint strength of Sn–Zn–Bi lead-free solders and Cu
substrate.
In this study, the effects of crosshead speeds on solder
strength of Cu/Sn–9Zn/Cu lap joints have been investigated.
As mentioned earlier, the lap joint orientation was preferred
to be applied as shear strength can be attained from it.
Fracture analyses of the lap joints were performed after
the solder strength evaluations as support for the main
results.Cu 
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Figure 1 (a) Schematic diagram and (b) actual Cu/S2. Experimental
In order to form a Cu/Sn–9Zn/Cu lap joint, two Cu pads
(50.0 · 5.0 · 0.5 mm in dimensions) and a Sn–9Zn solder pellet
are needed as shown in Fig. 1. The Sn–9Zn solder pellet was
made from scratch according to previous methods (Affendy
and Mohamad, 2012). Prior to preparing the joint, the compo-
nents were ground and polished with common metallographic
practices. Remelting and solidiﬁcation was performed on a hot
plate with a ZnCl-based ﬂux being applied on the components
to facilitate the process. Temperature above 200 C was main-
tained for about 30 s with the highest temperature reaching
220 C during remelting. Later, it was left to solidify at room
temperature. Fig. 2 shows the schematic diagram of a Cu/
Sn–9Zn/Cu solder lap joint preparation and the actual as-re-
melted lap joint.
The solder strength of Cu/Sn–9Zn/Cu lap joints was deter-
mined by performing the shear strength evaluation using a uni-
versal testing machine (INSTRON 5900 Testing System). The
measurement was performed in a range of crosshead speed val-
ues from 0.5 to 3.0 mm/min, with increments of 0.5. The shear
stress–strain graph was plotted, while the ultimate shear
strength (USS) and strain at USS values of lap joints were ta-
ken and compared with respect to its crosshead speed value.
Lastly, fracture micrographs were taken on the fractured
cross-section of Cu/Sn–9Zn/Cu lap joints by using a Hitachi
TM3000 tabletop scanning microscope (SEM). Fracture anal-Sn-9Zn solder 
pellet 
50 mm 
5 mm 
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n–9Zn/Cu lap joint components and dimensions.
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Figure 2 (a) Schematic diagram of Cu/Sn–9Zn/Cu lap joint preparation and (b) actual as-remelted Cu/Sn–9Zn/Cu lap joint.
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Figure 3 Shear stress–strain curves of Cu/Sn–9Zn/Cu lap joints
at crosshead speeds of (a) 0.5, (b) 1.0, (c) 1.5, (d) 2.0, (e) 2.5, and
(f) 3.0 mm/min.
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from the shear strength measurement.
3. Results and discussions
3.1. Solder strength analysis
Fig. 3 shows the stress–strain curves of Cu/Sn–9Zn/Cu lap
joints under different crosshead speeds. Fig. 3a denotes the
stress–strain curve of lap joint at 0.5 mm/min, while the curves
in Fig. 3b–f were obtained at increasing crosshead speed values
from 1.0 to 3.0 mm/min. Three distinguished regions can be ta-
ken from the curves; (i) elastic, (ii) ﬂow hardening and (iii) fail-
ure regions. The gradient change from elastic to ﬂow
hardening region was more distinct for curves in Fig. 3d–f
compared to Fig. 3a–c.
In general, the stress–strain curves plotted from this study
are almost similar to that of the study conducted by El-Daly
et al. (2009) using Sn–9Zn solder. In this work, stresses from
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ward the solder bulk region located in the middle of the joint.
The elastic region obtained in the curves represents the large
value of stress withstood by the Sn–9Zn solder. The ﬂow hard-
ening region took place as soon as the solder started to plasti-
cally deform while the strain value began to increase gradually.
The solder strength of lap joint was taken once the stress value
has reached its maximum, also known as USS. After USS has
been achieved, necking at the solder bulk region occurred be-
fore the joint completely failed, fractured into two halves.
The gradient change from elastic to ﬂow hardening region
was more distinct for curves in Fig. 3d–f can be attributed to
the strain hardening effects which took place during the shear
strength evaluations. At high crosshead speeds, there was
insufﬁcient time for creep and stress relaxation to occur at
the Sn–9Zn solder. Thus, it resulted in the drastic gradient
change between the two regions. However, softening of the
Sn–9Zn solder occurred at low crosshead speeds, allowing
stress relaxation which caused the steady increase of stress
and strain values at the same time. These behaviors are in line
with the studies done by Pang et al. (2003) on the mechanical
properties for 95.5Sn–3.8Ag–0.7Cu solder joints.
In this study, the solder strength of Cu/Sn–9Zn/Cu lap joints
is deﬁned by the values of USS obtained from the stress–strain
curves. From the results taken, the highest value of USS from
the lap joint was 130.41 ± 4.85 MPa under crosshead speed va-
lue of 3.0 mm/min. Meanwhile, the lowest USS value was re-
corded at 106.11 ± 5.20 MPa under crosshead speed value of
0.5 mm/min. By comparing all the USS values under different
crosshead speeds in Fig. 4, the solder strength of Cu/Sn–9Zn/
Cu lap joints increased with increasing crosshead speeds.
As stated previously, the USS values represented the solder
strength of Cu/Sn–9Zn/Cu lap joints. It can be stated that the
USS values from the shear strength evaluations were much
higher compared to past literatures (Ahmed et al., 2010; Das
et al., 2009; El-Daly et al., 2009). For example, in Fig. 3a,
the lowest USS value was recorded at 106.11 ± 5.20 MPa,
twice the value of Sn–9Zn bulk solder reported by Das et al.
(2009) at 50 MPa. For that matter, the large difference can
be ascribed to the presence of intermetallic compound (IMC)
at the joint surface area between Sn–9Zn solder and substrate
pads. IMC at joint surface area allows the joint to withstand(a)
(b)
(c)
(d)
(e) 
(f)
Figure 4 Ultimate shear strength of Cu/Sn–9Zn/Cu lap joints at
crosshead speeds of (a) 0.5, (b) 1.0, (c) 1.5, (d) 2.0, (e) 2.5, and (f)
3.0 mm/min.more loads applied, thus increasing the USS value in return
(Lee et al., 2013).
By referring to the graph in Fig. 4, it was obvious that the
solder strength increased with increasing crosshead speeds.
This statement agrees well with the study conducted by Lal
and Bradley (2006) on the relationship of tensile interfacial
strength to lead-free BGA impact performance. According to
their results, the solder strength is strain rate-dependent; strain
rate is equivalent to crosshead speed, in this research.
Apart from the solder strength comparison, the strain val-
ues at USS of Cu/Sn–9Zn/Cu lap joints from the evaluations
were signiﬁcantly affected by the effects of crosshead speeds.
In Fig. 3a, the strain value recorded under crosshead speed
0.5 mm/min was 11.09 ± 4.63 mm/mm. In contrast, the lap
joint obtained the lowest strain value at 4.97 ± 4.96 mm/mm
after evaluation under crosshead speed of 3.0 mm/min. Fig. 5
shows the correlation between the strain and crosshead speed
values that resulted in the strain at USS values are inversely
proportional to crosshead speeds.
In the case of strain values of Cu/Sn–9Zn/Cu lap joints, the
correlation between strain at USS and crosshead speeds are in-
versely proportional. The difference in strain values can be
attributed to the elastic behavior of the Sn–9Zn region in lap
joints. At low crosshead speeds, the allowance for extended
recovery of Sn–9Zn solder during the long deformation period
produced high strain values (Lindemuth and Hagge, 2000).
For this matter, the middle part of the solder bulk region
was targeted to be the origin for the failure to occur. Mean-
while, the application of higher crosshead speeds forced the
Sn–9Zn to deform abruptly, with no time allowance for the
solder to recover. Hence, the Sn–9Zn solder performed as a
slightly stiffer and more brittle solid (Klocke and Kahl-Nieke,
2005), causing fracture path to occur across the solder/Cu
interface due to its brittle-like conditions. As a result, the strain
values obtained at high crosshead speeds were much lower
compared to lower crosshead speeds.
3.2. Fracture analysis
Fig. 6 shows the fracture cross-sectional micrographs of Cu/
Sn–9Zn/Cu lap joints under different crosshead speeds. These(a)
(b) 
(c)
(d) 
(e)
(f)
Figure 5 Strain at USS of Cu/Sn–9Zn/Cu lap joints at crosshead
speeds of (a) 0.5, (b) 1.0, (c) 1.5, (d) 2.0, (e) 2.5, and (f) 3.0 mm/
min.
Figure 6 Cross-section micrographs of Cu/Sn–9Zn/Cu lap joints at crosshead speeds of (a) 0.5, (b) 1.0, (c) 1.5, (d) 2.0, (e) 2.5, and (f)
3.0 mm/min.
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under low (0.5 and 1.0 mm/min), (ii) medium (1.5 and
2.0 mm/min), and (iii) high (2.5 and 3.0 mm/min) crosshead
speeds. For the failure under low crosshead speeds (Fig. 6a
and b), three distinct layers can be identiﬁed which are Sn–
9Zn solder, IMC layer, and Cu pad. After the shear strength
evaluations, it was notable that the failure occurred in the sol-
der bulk region, dividing the region into two halves. This can
be supported by the state of solder/Cu interface which ap-
peared to be undamaged.
As the crosshead speed increased to the medium range
(Fig. 6c and d), the failure of lap joints was altered as well.
The three layers are still present after the evaluation; however,
the fracture path is notably different. It can be seen that the
fracture path occurred in transition; fracture started across
the solder bulk region then diverted its path toward thesolder/Cu interface, which was the ﬁnal position. As a result,
the solder/Cu interface of the fractured lap joint was partially
exposed. Lastly, in the group of fractured joints under high
crosshead speeds (Fig. 6e and f), total failure of lap joint was
observed across the solder/Cu interface. The micrograph
shows a smooth surface of Cu pad, with very minimal presence
of IMC and Sn–9Zn solder. Fig. 7 illustrates clearly the tran-
sition of fracture paths that occurred in the Cu/Sn–9Zn/Cu
lap joints under different crosshead speed groups; before eval-
uation [Fig. 7a], low [Fig. 7b], medium [Fig. 7c], and high
[Fig. 7d].
In every joint formed, there are two types of strength; sol-
der and joint interfacial strength. Solder strength is dependent
on crosshead speed value, while joint interfacial strength is
ﬁxed upon the remelting and solidiﬁcation process. Joint inter-
facial strength value was known from the average strength
Figure 7 Schematic illustration of cross-section Cu/Sn–9Zn/Cu
lap joint failure at (a) before, (b) low, (c) medium, and (d) high
crosshead speeds and corresponding actual surfaces.
Figure 8 Schematic representation of failure determination of
Cu/Sn–9Zn/Cu lap joints under different crosshead speeds.
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obtained, as stated by Eq. (1) below;
Joint Interfacial Strength ¼ USSmax USSmin
2
ð1Þ
The relationship of these two strengths determined the fail-
ure modes of Cu/Sn–9Zn/Cu lap joints, as shown in Fig. 8. If
the solder strength is lower than the joint interfacial strength,
the fracture will occur at the solder bulk region. On the other
hand, fracture across the solder/Cu pad interface will ensue if
the solder strength is higher than joint interfacial strength
(Lal and Bradley, 2006). These statements concur with thecorresponding cross-sectional micrographs of fractured
Cu/Sn–9Zn/Cu lap joints reported earlier.
4. Conclusion
The effects of crosshead speeds on the solder strength of Cu/
Sn–9Zn/Cu lap joints have been investigated. It is known that
with increasing crosshead speeds, the solder strength increased
as well. This shows that the solder strength is crosshead speed-
dependent. Meanwhile, the strain at USS of lap joint was in-
versely proportional to the crosshead speeds. In every lap joint,
there is a determined joint interfacial strength after remelting
and solidiﬁcation. The failure mode of lap joints can be deter-
mined by referring to the solder and joint interfacial strength.
Failure at the solder bulk region would occur if the solder
strength is lower than joint interfacial strength. However, if
the solder strength is higher than joint interfacial strength, a
failure across the joint interface of the joint would ensue.Acknowledgment
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